Fusion power is the most significant prospects in the long-term future of energy in the sense that it composes a potentially clean, cheap, and unlimited power source that would substitute the widespread traditional nonrenewable energies, reducing the geographical dependence on their sources as well as avoiding collateral environmental impacts. Although the nuclear fusion research started in the earlier part of 20 th century and the fusion reactors have been developed since the 1950s, the fusion reaction processes achieved have not yet obtained net power, since the generated plasma requires more energy to achieve and remain in necessary particular pressure and temperature conditions than the produced profitable energy. For this purpose, the plasma has to be confined inside a vacuum vessel, as it is the case of the Tokamak reactor, which consists of a device that generates magnetic fields within a toroidal chamber, being one of the most promising solutions nowadays. However, the Tokamak reactors still have several issues such as the presence of plasma instabilities that provokes a decay of the fusion reaction and, consequently, a reduction in the pulse duration. In this sense, since long pulse reactions are the key to produce net power, the use of robust and fast controllers arises as a useful tool to deal with the unpredictability and the small time constant of the plasma behavior. In this context, this article focuses on the application of robust control laws to improve the controllability of the plasma current, a crucial parameter during the plasma heating and confinement processes. In particular, a variable structure control scheme based on sliding surfaces, namely, a sliding mode controller (SMC) is presented and applied to the plasma current control problem. In order to test the validity and goodness of the proposed controller, its behavior is compared to that of the traditional PID schemes applied in these systems, using the RZIp model for the Tokamakà Configuration Variable (TCV) reactor. The obtained results are very promising, leading to consider this controller as a strong candidate to enhance the performance of the PID-based controllers usually employed in this kind of systems.
Introduction
Traditional nonrenewable energy sources are called to play a minor role in the near future, due to the increasing demand for energy in the world and the limited resources present on the planet. Other factors that have also an impact on this kind of energies are the pollution provoked by the carbon-based fuels, such as petroleum or coal, as well as the nuclear waste and risks originated by the fission reactors. However, nowadays the nonrenewable energies still represent the 86% of the world total primary energy supply [1] . The renewable energies are being developed and improved for the purpose of increasing their efficiency and ensuring that all the energy needs are covered. The biomass, hydroelectric, solar, and the wind power are some of the most widely used renewable energies, but they suffer from several issues such as intermittency and dispersion, or pollution in the case of biomass. Besides, they usually require subsidies, large areas to be located, and sometimes rare-earth materials.
In this context, the most promising solution to meet the world energy needs is the fusion power, which presents many advantages compared to the fission power: the resources needed are virtually unlimited on Earth, the nuclear waste is limited-just short-live activated materials of the reactor are generated, some of which could be reused as fuel-there is no risk of nuclear explosion or disaster, and the fusion reaction provides the largest amount of energy per kilogram of fuel used. The nuclear fusion consists in artificially provoking the combination of light atom nuclei such as deuterium and tritium ( Figure 1 ). This reaction releases a huge amount of energy, which can be used to heat water and drive a turbine and generate electricity.
The main disadvantages of the fusion power are the large quantity of energy needed to start and hold the reaction and the short duration of the plasma achieved until now. This article tackles this issue by developing advanced controls so as to increase the confinement time and energy availability.
In order to test the feasibility of the nuclear fusion as a power source, an experimental fusion reactor called ITER (International Thermonuclear Experimental Reactor) [2] has been promoted by an international consortium formed by the European Union, China, Japan, India, South Korea, Russia, and the United States. ITER considers a Tokamak fusion reactor that confines the hot plasma in a toroidal chamber using high magnetic fields. The ITER project will test all elements required for the construction of a functional fusion reactor such as the breeder blanket modules, which will provide the tritium obtained from lithium, needed for the D-T reaction. Once the new technologies have been tested, a new reactor, namely, DEMO [3] , will be built to demonstrate that the production of energy is feasible.
ITER and DEMO are being planned, developed, and built, while several small Tokamaks serve as a test bench to research the fusion power [4] , such as the Globus-M Spherical Tokamak [5] in Russia or the Joint European Torus (JET) [6] in Europe which is the world's largest Tokamak with 38 MW of heating power and 100 m 3 of plasma volume. Another interesting operational experimental fusion reactor is the Tokamakà Configuration Variable (TCV) [7] , a controloriented research fusion reactor of the Ecole Polytechnique Fédérale de Lausanne (EPFL), shown in Figure 2 , whose main objective is the study of the plasma shape.
Nowadays, the current controller in the TCV and in most of the experimental Tokamaks is the traditional ProportionalIntegral-Derivative controller (PID) which has proved to solve the main instabilities problems of the fusion reaction in the Tokamaks but not the major disruptions which are still an inherent issue of them [8] [9] [10] [11] [12] . In this context, this article seeks to maximize pulse length by making use of a new control scheme for the plasma current. The model for plasma current, position, and shape to be used is based on the RZIp and extracted from real experimental data of TCV. The TCV reactor, despite its small size of 1.54 m height by 0.56 width, is a very complex machine, fully loaded of sensors (the so-called diagnostics) and actuators, as it can be seen in Figure 3 . Among the diagnostics, there are some for the measurement of the spatial profiles of the electron temperature and density, such as the Thomson Scattering Diagnostic [13] , or for the measurement for the plasma currents, temperature, density, and potential, such as the Langmuir probes [14] , whose locations are illustrated in Figure 4 . The data obtained from some diagnostics (as well as many others related to the plasma physics) are processed and serve as input for the control system, which can actuate over different types of actuators, the Electron Cyclotron Resonance Heating and Current Drive System (ECRH-ECCD), the gas valves, and the coils. The coils are the main actuators for the plasma control, as gathered in Table 1 , and there are 4 types with 41 total number of coils fed with 20 independent power sources. Currently, the control system of the TCV is fed with 128 input signals from the diagnostics, which are linearly transformed into 24 observers. This set of observers is composed of the plasma current , the PF coil currents, the difference between the currents in the two Ohmic coil circuits, the vertical position estimator, the radial position estimator, an elongation estimator, and the line-integrated density. With these observables and the reference signals, 24 error signals are generated and serve as input to a PID controller whose outputs are the required voltages for the coils [8, 9] . The scope of this article is to enhance the current PID controller that acts in one of these observers, the plasma current, a relevant parameter to achieve and maintain the fusion reaction. It is obvious that better control implies a better response of the system and instability corrections, which may extend the duration of the pulses. The sliding mode control scheme has been studied in this article to enhance the actual control system, which is a variable structure control that presents a robust behavior against plant uncertainties and a finite-time convergence. To test the improvements of this new control scheme, a simulation based on real experimental data has been performed with Simulink. The remainder of this article is organized as follows: Section 2 introduces the TCV system and explains the RZIp model. In Section 3, the simulation model is presented and the proposed sliding mode control scheme is explained in detail. The Lyapunov stability is studied for the sliding mode controller in Section 4. Results and comparisons are given in Section 5. Section 6 gathers the concluding remarks.
System Description
Tokamaks are devices where the plasma is confined in a toroidal chamber by magnetic fields. These magnetic fields are created by two groups of coils:
(i) Poloidal field coils: There are coils along the torus that create the poloidal magnetic field. They control the plasma current and stabilize the plasma. In particular, the main coils that act on the plasma current are the OH coils (serving as primary winding like a transformer), which are divided into two sets where the control signals concerning this article will be input.
(ii) Toroidal field coils: There are coils set in poloidal planes that create a toroidal magnetic field. They control the shape of the plasma.
One of the main issues to overcome in the path to commercialization is the instabilities [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . These instabilities cause disruptions, limiting the maximal achievable time for plasma confinement and making indispensable an optimal control system.
In order to develop the control system, a plant model is required. The TCV is simulated by the RZIp model [15] , which considers a rigid plasma radial and vertical displacement. The RZIp model is widely used for simulation purposes and design of real time controllers [19] [20] [21] [22] [23] [24] .
The state variables of the model are the plasma current, , the structure currents, , and the radial, , and vertical, , position of the plasma (1):
The input variables are the effective voltages applied to each plasma element, , and the external poloidal field coil voltages, , (2):
The RZIp model takes into account four vector equations, Kirchoff 's voltage law for the plasma elements (3), Kirchoff 's voltage law for the structural and poloidal circuits (4), and the force balance for the radial (5) and vertical (6) directions:
where subindex denotes the plasma elements, subindex denotes the structural elements, and are the self and mutual inductance matrices, Ω is the resistance matrix, is a constant matrix, and the mass matrix contains the mass of each plasma current elements. Due to the complexity and nonlinearity of the equations that describe the behavior of the system, it will be linearized and simplified around an operation point using real data from the experiments. In this article, the data used for the model and simulation have been obtained from the shot numbers #49626 and #57587 of the TCV and can be represented by the following state-space system:̇=
where are the state vector, are the input vector, which are the supplied voltages for the coils, is the output vector that comprises the observers of the system including the plasma current, is the state matrix, is the input matrix, and is the output matrix. As in there are other variables that are out of the scope of this article and are not going to be controlled using the SMC algorithm, and the plasma current output may be obtained from and expressed as = , where selects the desired output, so that the state variables can be rewritten as
Introducing (8) in (7), the state-space system can be reformulated aṡ=
The dynamic equation of the plasma current model may be written in a simplified way aṡ
where is the input that controls the plasma current, is the term that gathers all the uncertainties and noncontrollable inputs, and the state matrix can be reduced to a single scalar as follows:
The tracking error of the plasma current, , is defined as the difference of plasma current reference, , and its actual value:
Deriving the tracking error and substituting the plasma current model described in (10) , the following expression is obtained:̇=̇−̇= + + where the control signal, , collects the following term:
and the disturbances, uncertainties, and commands are gathered in :
Sliding Mode Control Scheme
In order to improve the robustness of the TCV control system, the original PID has been enhanced with a sliding mode control for the plasma current, . A schematic view of the general model may be observed in Figure 5 , where in the box "SMC" the proposed sliding mode controller will be implemented and the resulting control signals will be combined in the box "Combine Controllers" [19, 24] . The sliding mode controller [25] [26] [27] uses a discontinuous control law to lead the system state to a specified sliding surface, , and to remain in it. This control law has two main advantages: the first is that the system behaves like a system of reduced order and the second is that the disturbances and uncertainties do not affect the movement on the sliding surface of the system. The development of the sliding control law is divided into two phases.
The first phase is to construct a sliding surface to confine the system dynamics to a sliding manifold with the desired behavior. Let us consider the ideal disturbance-free tracking error expression (13) and suppose that the trajectory of the state has intercepted the sliding surface at 0 , and exists a sliding mode at ≥ 0 implying that = 0 anḋ= 0. Deriving with respect to time along the trajectory is defined by (13):
where is the equivalent control, whose action entails that any trajectory starting at = 0 remains on it sincė= 0. This equivalent control can be extracted from (16):
Complexity 5 Therefore, combining (13) and (17), given ( 0 ) = 0, the dynamics of the system on the sliding surface for ≥ 0 arė
In this case, the sliding surface is computed with the error of the plasma current and its integral, taking the form of
where B is the relative weight between the integral of the error and the error of the plasma current. The second phase is to design a discontinuous control law which is responsible for forcing the system to reach the sliding surface and maintains it there. For this reason, the control signal is divided into two terms:
where the continuous term is the equivalent control defined in (17) and is the discontinuous term. In this particular case, the discontinuous term has been selected as a relay with state dependent gain, presenting the following expression:
where ( ) > 0 for all . The term ( ) has been defined as
Consequently, the control signal depends on the error of the plasma current and on the absolute value of the error and the integral of the error of the plasma current, and its sign is obtained from the sliding surface. This control signal is given by the following combining (17) and (22):
where , 1 , and 2 are tunable parameters. The discontinuity of the sign function in = 0 leads to an undesirable chattering effect; thus the discontinuous transition is subject to smoothing. In order to obtain this smooth transition, the hyperbolic tangent of the sliding surface has been considered. So, the equation may be rewritten as follows:
where is determined by the order of magnitude of the sliding surface.
Gathering (19) and (24), the sliding mode controller scheme is represented in Figure 6 .
Lyapunov Stability
Rewrite the expression of the sliding surface , defined in (19) , as So its derivative iṡ
Let us also recall the sliding mode controller law given in (23):
In order to ensure the tracking capability, some assumptions shall be established:
(i) shall be chosen so that the term ( − ) is strictly positive. Hence > .
(ii) shall be chosen so that ≥ | | ∀ . To guarantee the robustness of the control action, a switching action is added with a size bigger than the perturbance. This condition implies that the uncertainties of the system are bounded magnitudes.
If the previous assumptions are verified and, using the Lyapunov stability theory, it is possible to demonstrate that the error of the plasma current defined in (12) tends to zero as time tends to infinity.
The Lyapunov function is defined by means of the following expression:
and its time derivative iṡ
As is clearly positive definite,̇is negative definite and when tends to infinity, tends to infinity; then the equilibrium at the origin = 0 is globally asymptotically stable. This is to say, tends to zero as time tends to infinity, and all trajectories starting off = 0 must reach it in finite time and then remain on it, being in the so-called sliding mode.
Results
In order to validate the control scheme, the sliding mode controller has been simulated with a linearized RZIp model of the TCV and two distinct shots, #49626 and #57587, as shown in Table 2 . The initial conditions of the system and the reference that the controller has to follow have also been obtained from the experimental data. In addition, to show the improvement of the new control scheme, the original PID controller has been implemented. The plasma current controller acts on the OH coils, which have a physical limit of ±1400 V, so the output has been saturated in case of overflow. For a better comparison, the results have been divided into five groups: (A) system response, (B) RMS error, (C) integral error, and (D) control signals. Figures 7-10 , the blue line represents the real measurement of the plasma current, the green dashed line is the reference commanded, and the red line is the response of the simulated system.
System Response. In
It can be clearly seen in Figures 7 and 8 that the original PID produces an underdamped response, which takes a long time to reach the specified reference. This indicates that the response of the system may be subject to improvement. The response of the sliding mode controller, shown in Figures 9 and 10 , is better than that of the original PID controller because it reaches faster the reference with smaller oscillations. Even more, it may be seen that the response takes about the same time (10 ms) to start correcting the error and has an overshoot much smaller than using the PID.
RMS Error.
One significant quantitative estimator is the Root Mean Square (RMS), which is a measure of the goodness of the controllers. The RMS for a discrete time series of the plasma current error with a fixed-time step can be computed with the following expression:
In Table 3 , the RMS errors of the PID and the Sliding Mode controlled are depicted. The sliding mode controller reduces the RMS error by one order of magnitude. However, in the integral error in the case of the sliding mode controller, as seen in Figures 13 and 14 , there are no oscillations and the values are less than half of the PID's values.
Control Signals.
It is important to keep in mind the feasibility of these controllers. The plasma current is controlled by two sets of OH coils, with a limit of ±1400 V for both. The difference between the control signals of the two sets is due to the controller of another plasma variable that is acting on them, which does not affect the performance of the plasma current response. 
Conclusions
The use of optimal and robust control schemes seems to be one of the best ways to ensure an adequate control of the stability of the plasma, so as to extend the duration of the pulses. The traditional PID controllers now implemented within the Tokamak's control system do not allow achieving long enough duration pulses to enable energy production. In this context, new control laws have been developed and tested in order to obtain better results extending the pulse duration and making possible the production of fusion energy. The candidate proposed in this article to enhance the baseline PID-based scheme has been the sliding mode controller, which consists of a variable structure control law with low sensitivity to uncertainties. As is shown from the results, the plasma current of the systems controlled by the original PID-based controller presents slow and underdamped oscillating responses. In contrast, the proposed sliding mode controller affords excellent results, with an improved fast system response and reduced oscillations of the plasma current, coupled with a more uniform control signal. Furthermore, the RMS errors of the sliding mode controller response show an order of magnitude improvement with respect to the PID ones.
Therefore, in view of the promising results gathered in this article, the next steps are to test them in different TCV scenarios to assure a good response of the controller in several situations and considering other external disturbances in the model that could be studied. In addition, parameter tuning algorithms, such as the Particle Swarm Optimization or the Water Cycle Algorithm, can be proposed.
Finally, the controllers should be tested in a real situation, implementing them at the 2019 experimental campaign of the TCV.
